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Olfactory bulbNetrin1 (NTN1) deﬁciency in mouse brain causes defects in axon guidance and cell migration during
embryonic development. Here we show that NTN1 is required for olfactory bulb (OB) development at late
embryogenesis and at early postnatal stages to facilitate the accumulation of proper numbers of granular and
glomerular neuron subtypes and oligodendrocytes into the OB. In addition to the analysis of Ntn1−/− mice
wemade tissue and neurosphere cultures to clarify the role of NTN1 in the anterior forebrain.We propose that
a subset of neural progenitors/precursors requires NTN1 to efﬁciently enter the rostral migratory stream to
migrate into the OB. The analysis of postnatal Ntn1−/− OBs revealed a reduction of speciﬁc types of
interneurons which have been shown to originate from particular subregions of the lateral ventricle walls.
Based on Ntn1 expression in ventral parts of the ventricle walls, we observed a decrease in the mainly
ventrally derived type II interneurons that express calcium-binding proteins calretinin and calbindin. Instead,
no change in the numbers of dorsally derived tyrosine hydroxylase expressing interneurons was detected. In
addition to the speciﬁc reduction of type II interneurons, our results indicate that NTN1 is required for
oligodendroglial migration into the OB. Furthermore, we characterised the Ntn1 expressing subpopulation of
neurosphere-forming cells from embryonic and adult brain asmultipotent and self-renewing. However, NTN1
is dispensable for the proliferation of neurosphere forming progenitor cells and for their differentiation.ary Biosciences, University of
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nen), sduprat@istem.fr
5 rue Henri Desbruères, 91030
l rights reserved.© 2011 Elsevier Inc. All rights reserved.Introduction
Neurogenesis, gliogenesis and precursor migration are fundamen-
tal processes during central nervous system (CNS) development.
Olfactory bulb (OB) development involves two waves of neurogenesis
and migration. The ﬁrst wave starts around E12–13 in mouse when
projection neuron precursors and some interneuron precursor sub-
types from the anterior part of the telencephalic ventricular zone (VZ)
migrate out radially (Batista-Brito et al., 2008; Hinds, 1968). During
the second wave starting around E14 and continuing postnatally,
most interneuron precursors arrive to the OB from the telencephalic
subventricular zone (SVZ) tangentially via the rostral migratory
stream (RMS) (Lledo et al., 2008; Luskin, 1998; Pencea and Luskin,
2003).
The OB gliogenesis is less well understood. The ﬁrst astrocytes
arrive in the OB around birth and at least some of them use tangential
migration from the SVZ through the RMS (Law et al., 1999).
Oligodendrocyte progenitor cells (OPCs) are heterogeneous and
have multiple origins in the developing forebrain (Chong and Chan,2010; Le Bras et al., 2005; Spassky et al., 2001; Woodruff et al., 2001).
One population expressing the myelin proteolipid protein 1 (Plp1)-
driven transgene is detected in the OB already at E14.5, whilst a
platelet-derived growth factor receptor α (Pdgfra)-expressing popu-
lation appears at E16.5 (Spassky et al., 2001). As with the in-
terneurons, the number of OB glial cells increases strongly postnatally.
Neural precursor migration from the telencephalic germinal
regions to the OB is a highly regulated process inﬂuenced by attractive
or repulsive cues as well as cell adhesion and extracellular matrix
molecules (de Castro and Bribian, 2005; Ghashghaei et al., 2007). Also
OPCs migrate long distances before differentiating into myelinating
cells surrounding the axons (de Castro and Bribian, 2005; Jarjour and
Kennedy, 2004; Miller, 2002; Qi et al., 2002; Tsai andMiller, 2002) but
the molecules required for their migration especially to the OB have
remained unknown.
Netrins comprise a conserved family of laminin-related secreted
molecules with members originally implicated in axon guidance and
neuronal migration. Netrin1 (NTN1) is the best-characterised mem-
ber of the family and in CNS it signals mainly through transmembrane
receptors belonging to the Deleted in Colorectal Cancer (DCC) and
Unc-5 homolog (UNC5) families (Barallobre et al., 2005; Hedgecock
and Norris, 1997; Yurchenco and Wadsworth, 2004). Recently NTN1-
integrin interactions have also been shown to guide neuronal
migration into the cortex (Stanco et al., 2009).
Here we have studied the role of NTN1 in OB development using
prenatal and postnatal Ntn1−/− hypomorphic mice as well as tissue
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migration of a subpopulation of CNS precursors from the lateral
ventricle walls into the RMS and OB. In line with this, the Ntn1−/−
OBs were reduced in size and showed a clear reduction in
oligodendrocytes in addition to a signiﬁcant decrease in the numbers
of speciﬁc types of ventrally derived interneurons.
Material and methods
Mouse strains
The generation and genotyping of mice carrying a gene trap
insertion in Ntn1 locus in C57Bl6 background have been des-
cribed before (Salminen et al., 2000). To generate Ntn1−/− animals,
Ntn1+/− mice from C57Bl6 and ICR backgrounds were crossed and
also pure C57Bl6 background was used for some of the analyses. The
Ntn1mice carry an IRESβgeo cassette, which produces a fusion protein
containing both β-galactosidase (β-gal) and neomycin phosphotrans-
ferase (NeoR) activities (Friedrich and Soriano, 1991) conferring thus
Geneticin resistance to Ntn1 expressing cells. All mouse work has
been approved by the University of Helsinki ethical review board.
Neurosphere cultures
Embryonic forebrains, the lateral walls of the adult forebrain
ventricles and spinal cord were isolated and cultured as described in
Johansson et al. (1999). The number of primary neurospheres from
four separate cultures/genotype isolated from E18.5 brains was
calculated after 7–10 days of culture. To generate secondary or
tertiary spheres from adult brain or spinal cord, neurospheres were
dissociatedmechanically with a pipette after 7–10 days of culture. The
resulting single-cell suspension was centrifuged down and plated in
fresh medium.
To select Geneticin resistant neurospheres, 1.5 mg/ml of Geneticin
(Invitrogen) was added into the neurosphere medium. This concen-
tration was tested and it kills all cells that do not contain at least one
copy of IRESβgeo in the Ntn1 locus (data not shown). Geneticin was
omitted from differentiating sphere cultures.
For differentiation assays, neurospheres were grown for two
weeks on poly-L-ornithine (Sigma) coated glass coverslips in neuro-
sphere medium where growth factors were replaced by 5% foetal calf
serum (HyClone). Immunostaining of 4% paraformaldehyde (PFA)
ﬁxed differentiated neurosphere derived cells was performed with
antibodies against O4 1:80 and GFAP 1:1000 (Chemicon), TUJ1 1:250
(Biosite). The number of differentiated cells was calculated from at
least 10 ﬁelds/slide, each ﬁeld having at least 40 cells. Four slides/
genotype and at least 3 animals/genotype were used for calculations
for both selected and non-selected spheres.
For clonal cultures, neurospheres were dissociated and in average
4–5 cells were placed into each well of a 96-well plate. The number of
formed spheres was calculated after 7 days.
RNA isolation and RT-PCR
Total RNA extraction from neurospheres was performed with
either RNAeasy microkit or minikit (Qiagen). cDNA was obtained
with Superscript III enzyme using random hexamer primers
(Invitrogen). PCR ampliﬁcation was performed in 35 cycles with
Dynazyme II (Finnzymes) and following settings: 45 s at 94 °C, 60 s
at 55 °C and 75 s at 72 °C; followed by 60 s at 94 °C, 60 s at 55 °C and
75 s at 72 °C. The used primers were the following: Mash1 forward:
cgtcctctccggaactgat, reverse: tcctgcttccaaagtccatt; Noggin forward:
aaggatctgaacgagacg, reverse: gcaggaacacttacactcg; Bmp4 forward:
ctcccaagaatcatggactg, reverse: aaagcagagctctcactggt; Musashi1 for-
ward: gtttcggcttcgtcactttca, reverse: atgtcctcgctctcaaacgtg; Nestin
forward: gtggcctctgggatgatg, reverse: ttgaccttcctccccctc; Ntn1 for-ward: aagcctatcacccaccggaag, reverse: gcatcaagattcctgtggcg, Olig2
forward: ccacgtcttccaccaagaaa, reverse: caccagtcgcttcatctcct; Pax6
forward: agttcttcgcaacctggcta, reverse: tgaagctgctgctgatagga; Gadph
forward: accacagtccatgccatcac, reverse: tccaccaccctgttgctgta.
TUNEL assay, X-gal staining, RNA in situ hybridisation and
immunohistochemistry
To analyse programmed cell death, 5 μm thick parafﬁn sections
from Ntn1−/− and control littermate Pn1 mice were subjected to
TUNEL analysis with the ApopTag Fluorescein In Situ Apoptosis
Detection Kit (Chemicon) according to the manufacturer's instruc-
tions and as described in Cecconi et al. (2004). The average proportion
of TUNEL positive cells from all cells in the 300×300 μm area
indicated in Suppl. Fig. 5 was calculated as below.
For X-gal staining, brains were cut in two halves and the ﬁxed
brain tissues were stained as in Hogan et al. (1994). The stained
samples were blocked in 0.5% gelatin/30% albumin/20% sucrose/2%
glutaraldehyde (all from Sigma) and 100–200 μm sections were cut
with a vibratome. The vibratome sections were cleared with glycerol
before photography.
The radioactive RNA in situ hybridisation assays on 5–10 μm serial
parafﬁn sections from E14.5–18.5 embryos and Pn6 mouse brains
were performed as before (Salminen et al., 2000) and the imageswere
treated as in Lilleväli et al. (2006). The preparation of antisense and
sense probes were performed as described in Salminen et al. (2000).
No speciﬁc signals were detected with any of the sense probes (data
not shown).
For immunohistochemistry, either parafﬁn embedded or frozen
brain sections were used. For parafﬁn sections antigen retrieval was
performed after deparafﬁnation with Antigen unmasking solution
(Vector). Sections were blocked for 1 h at room temperature with 10%
goat serum and 3% triton X-100 in PBS, except for OLIG2 where horse
serum was used, followed by incubation with primary antibody
overnight at +4 °C. Antibody dilutions: CNP 1:100, calR 1:200, NG2
1:1000, PSA-NCAM 1:500 and GFAP 1:500 (Chemicon), calB 1:500
(Swant), OLIG2 1:800 (Neuromics), S-100β 1:500 (Sigma), PDGFRA
1:100 (Cell Signaling), NeuN 1:150 and TH 1:500 (Millipore), β-gal
1:1000 (MP Biomedicals, Inc), and TUJ1 1:500 (Biosite). Secondary
antibodies were Alexa Fluor 1:500 (Molecular Probes), except for NG2
and PDGFRA for which detection was performed with Ultravision
Detection System (Thermo Scientiﬁc) combined with TSA Plus
Fluorescence System (PerkinElmer). NG2/β-gal double-labelling was
performed using CARD ampliﬁcation method (Hunyady et al., 1996).
The nuclei in the samples were visualised using bis-benzimide
(Hoechst No. 33258, Sigma).
The stained sections were mounted in Vectashield (Vector) and
photographed with an Olympus DP70 CCD-camera attached to an
Olympus AX70 microscope. Confocal stacks were collected with a
Leica TCS SP3 confocal system. Images and colocalisation analysis was
made with a Bitplane Imaris software (Bitplane Inc.).
Calculation of cell numbers in the olfactory bulb and RMS
Calculations of cell numbers were performed on 5–10 μm thick
serial parafﬁn sections prepared from Ntn1−/− and control wild
type littermates (n=3, at least 3 sections/sample, if not otherwise
stated, corresponding sections from Ntn1−/− and controls were
used for comparison). Student's t-test was used for all statistical
analyses. Signiﬁcant differences between populations are indicated
with P values: Pb0.05*, Pb0.01** or Pb0.001***.
To calculate the numbers of calR+, calB+ or TH+ cells in the
glomeruli at Pn16 and Pn1, sections were stained with corresponding
antibodies and Hoechst. The calculation was performed on 14
glomeruli/OB section. Every second glomerulus was used to avoid
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mutant sections were matched for calculation.
The total number of β-gal+ cells and proportions of double-
labelled β-gal+ and NG2+, PSA-NCAM+, TUJ1+ or GFAP+ cells in the
sagittal cryostat 10 μm sections through the RMS of heterozygous Pn6
mice (n=2) was counted from 4 to 5 confocal images/each antibody.
Colocalisation was conﬁrmed by following individual cells through
the confocal stacks.
Forebrain explants
Cultures of forebrain explants were in general performed as
previously described (Hack et al., 2002). Brieﬂy, brains from E18.5
embryos were dissected out and placed in ice-cold serum-free
medium (Invitrogen) after which the dorsal part was removed. The
remaining anterior forebrain was cut into three pieces as shown in
Fig. 7A. The explants were mixed with Matrigel (Beckton Dickinson)
and placed in 24-well plates. After polymerisation for 10 min, samples
were overlaid with 500 μl of serum-free medium containing B-27
supplement (Invitrogen). Explant cultures were maintained 48 h in a
humidiﬁed, 5% CO2, 37 °C incubator. After incubation, the explants
were X-gal stained as above. To measure migration distances, images
of explants were collected using inverted light microscope (Leica DM
IRB) and analysed using Image-Pro Plus 5.1 software (Media
Cybernetics, Inc.). Migration distances were measured from a total
of 6 explants/genotype.
Results
Ntn1 is expressed in VZ and RMS during brain development and in the
ependymal cells of the adult CNS
We veriﬁed Ntn1 expression in developing and adult mouse brain
by RNA in situ hybridisation and X-gal staining or anti-β-gal
immunohistochemistry, where we took advantage of a mouse line
containing a lacZ insertion in Ntn1 locus (Salminen et al., 2000).
During brain development at embryonic day (E)14.5, Ntn1 mRNA
was detected in the VZ of the lateral wall of the ventral telencephalon
in medial and lateral ganglionic eminences (MGE and LGE, respec-
tively) as well as in striatum and septum. Very little or no expression
could be detected in the SVZ (Fig. 1A). Also the ventralmost portion of
the septal wall VZ expressed Ntn1 (data not shown). Prior to birth, at
E18.5, a similar Ntn1 mRNA distribution pattern was observed with
highest levels conﬁned to the VZ of the lateral wall of the forebrain
ventricles (Figs. 1B,C) excluding however the dorsalmost part (arrow
in Fig. 1B). Expression was also detected in a rostral region continuous
to the Ntn1 expression in the VZ, therefore referred to as the rostral
extension of the VZ (arrow in Fig. 1C). This region represents also the
most proximal part of the RMS. In the developing OB itself, very weak
expression was detected in the granular cell layer at E18.5 (Fig. 1C).
In general, Ntn1-driven lacZ expression co-localised with Ntn1
mRNA during development (Figs. 1C,D and data not shown).We had a
closer look at the presence of β-gal positive cells in the proximal RMS
of Ntn1+/−mice with immunohistochemistry and Hoechst-counter-
staining (Figs. 1E,F). β-gal positive cells extended from the VZ into the
RMS (until the white arrowhead in Fig. 1E), but populated only the
ventral half of the nuclei-dense horizontal RMS (Fig. 1F).
In postnatal day 6 (Pn6) brain, Ntn1/lacZwas strongly expressed in
ventral forebrain areas including the striatum and septum and as in
embryos, strongest expression was observed along the walls of the
lateral ventricle. Strong β-gal activity was detected also along the
whole horizontal RMS and in the OB granular cell layer (Fig. 1G).
The β-gal protein was detected mainly ventrally and in the middle of
the RMS throughout its length but was missing in the most dorsal
parts (Fig. 1J). Also at Pn6, Ntn1 mRNA distribution coincided with
β-gal (Figs. 1G,H) except for the RMSwhere β-gal protein distribution(Fig. 1J) was wider than Ntn1 mRNA distribution and the few Ntn1
mRNA expressing cells detected were restricted to the ventral-most
border (arrow in Figs. 1H,K). This difference could be due to the
relatively longer stability of the β-gal protein compared toNtn1mRNA
in the cells migrating out from the VZ. In the OB layers, Ntn1 mRNA
was detected only in the granular cells at Pn6 (Fig. 1I) whereas no
expressionwas detected at any of the stages analysed in themitral cell
layer (Fig. 1 and data not shown) in contrast to the observations of
Murase and Horwitz (2002).
In adult brain, strongest Ntn1/lacZ expression could be detected in
the lateral walls of the lateral ventricles and in the ventralmost part of
the medial wall as during development (Fig. 1M and data not shown).
In the ventricle walls the expression was conﬁned to one continuous
layer of cells next to the ventricle lumen (Fig. 1M) corresponding to
the ependymal cells. Ntn1/lacZ expression could also be detected in
the ependymal layer of more caudal brain regions and even in the
spinal cord (Fig. 1L). To conﬁrm the ependymal expression of Ntn1/
lacZ we double-stained adult brain cryosections with β-gal (red) and
an ependymal marker S-100β (green) antibodies (Figs. 1N,O). The
merged picture (Fig. 1P) shows a clear co-expression of these markers
(yellow).
Taken together, our results suggest that Ntn1-expressing cells in
the VZ and/or its rostral extension produce precursor cells that
migrate into the OB along the ventral part of the RMS during
embryonic and early postnatal development.
Characterisation of Ntn1/lacZ-expressing cells in RMS
The postnatal RMS contains a heterogeneous population of
migrating cells including precursors for both neurons and glia on
their way to the OB (Aguirre and Gallo, 2004; Gritti et al., 2002). In
order to characterise the Ntn1/lacZ-positive cell population in RMS
(Fig. 2A) we performed double-immunohistochemistry with β-gal
antibody together with antibodies against speciﬁc markers detected
in the postnatal RMS. GFAP is a marker for astrocytes and SVZ
progenitor cells and GFAP+ cells have also been detected in postnatal
RMS (Law et al., 1999; Pencea and Luskin, 2003). PSA-NCAM and class
IIIb-tubulin (TUJ1) are markers for migrating neural precursors
(Chazal et al., 2000; Rousselot et al., 1995) whilst NG2 is expressed
in OPCs and interneuron precursors migrating through the RMS
(Aguirre and Gallo, 2004).
In our assay, a proportion of the β-gal+ cells were also GFAP+,
PSA-NCAM+, TUJ1+ or NG2+ (Figs. 2B–E and Table 1) suggesting that
the Ntn1-expressing cells in the ventral VZ of the forebrain produce a
heterogeneous subset of precursor cells into the RMS that contribute
to both neural and glial populations in the OB. Highest proportion
of Ntn1-expressing cells were neural precursors. Interestingly, like
β-gal+ cells, also the NG2+ cells located mainly in the ventral portion
of the RMS (Fig. 2E). However, a proportion of the β-gal+ cells did not
express any of the tested markers (data not shown) suggesting that
they may be more immature cells such as proliferating progenitors
that have also been detected in the RMS (Coskun and Luskin, 2002).
Ntn1-expressing cells from adult brain and spinal cord are multipotent
and self-renewing
Proliferating cells can be isolated from neurogenic brain regions of
embryonic and adult rodents and grown as ﬂoating neurospheres. We
veriﬁedwhetherNtn1was expressed in cultured neurospheres, in line
with its expression in the embryonic germinal zone and in one of the
cell types included in the adult neural stem cell niche, the ependymal
cell. We established neurosphere cultures from forebrains of E12.5,
E14.5 and E18.5 wild-type embryos as well as from adult spinal cords
and the dissected lateral ventricle walls of adult brains. Ntn1
expression was detected in all proliferating neurosphere cultures
together with the stem/progenitor cell markers (Suppl. Figs. 1A,B).
Fig. 1. Ntn1 expression in embryonic and postnatal CNS. Radioactive in situ hybridisation on brain sections from wild type E14.5 (A) and E18.5 (B,C) embryos and Pn6 mice (H,I,K).
A and B are coronal sections, dorsal is up, and C, H, I and J are sagittal sections, rostral is to the right, dorsal is up. The arrow in B points to the dorsalmost part of the VZ with no Ntn1
expression. The arrow in C points to Ntn1 expression in the rostral extension of the VZ/proximal RMS. The arrows in H and K point to Ntn1 expression in the ventral RMS. X-gal
stained 200 μm thick sagittal vibratome brain sections from Ntn1+/− E18.5 (D) and Pn6 (G) brain. The arrow in D points to the proximal RMS. Immunohistochemistry with anti-β-
gal on sagittal parafﬁn sections from E18.5 (E) and Pn6 (J) Ntn1+/− brain and the corresponding Hoechst staining for E18.5 (F). The white arrowhead in E points to the rostral-most
area where β-gal positive cells can be detected in the RMS. The borders of the RMS are indicated with white dashed lines in E, F and J. Parafﬁn embedded sections from X-gal stained
Ntn1+/− adult spinal cord (L) and brain (M) show staining in the ependymal layer. Immunohistochemistry on cryostat sections with anti-β-gal (N) and anti-S-100β (O) antibodies.
Merged image is shown in P with co-expression of β-gal and S-100β (yellow) in the ependymal layer. Scale bar in A–C, H–K represents 50 μm, in E, F 100 μm, in L–P 10 μm. cc, central
canal; cx, cortex; ep, ependymal layer; epl, external plexiform layer; gll, glomerular layer; gr, granular layer; ipl, internal plexiform layer; lv, lateral ventricle; mi, mitral layer; ob,
olfactory bulb; RMS, rostral migratory stream; sep, septum; str, striatum; SVZ, subventricular zone; VZ, ventricular zone.
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Fig. 2. Characterisation of Ntn1/lacZ positive cells in Pn6 RMS. (A) Schematic sagittal
view of the RMS (red) and the olfactory bulb. The rectangle indicates the area from
which the images in B–E have been produced. Double-immunohistochemistry with
anti-β-gal (green) together with (B) anti-GFAP, (C) anti-TUJ1, (D) anti-PSA-NCAM and
(E) anti-NG2 (all in red). Yellow colour indicates co-localisation. The borders of the RMS
are indicated with white dashed lines in B, C and E. The arrowheads point to the areas
shown magniﬁed (2-fold) in the left-hand corners. Scale bar in B 30 μm, in C 20 μm, in
D and E 50 μm. cx, cortex; lv, lateral ventricle; ob, olfactory bulb; RMS, rostral migratory
stream.
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gous mice were stained with X-gal, only part of the cells in a given
sphere showed lacZ activity (Suppl. Fig. 1D), suggesting that Ntn1 is
expressed in a subset of cell types in the sphere. We took advantage of
the fact that Ntn1 expressing cells also express NeoR and selected for
Ntn1/NeoR positive cells by killing the non-expressing cells isolated
from Ntn1+/− adult brain with Geneticin. When the Ntn1/NeoR
selected spheres were stained with X-gal, all cells in a given sphereTable 1
Calculation of β-gal+ and double labelled cells with antibodies (Ab1) against GFAP,
PSA-NCAM, TUJ1 or NG2 in Ntn1+/− RMS at Pn6. The proportions of double-stained
cells from the calculated β-gal positive cells are given in %.
Antibody 1
(Ab1)
No. of β-gal+
cells counted
No. of β-gal+
and Ab1+ cells
% of Ab1+/
β-gal+ cells
GFAP 388 55 14.2
PSA-NCAM 231 74 32.0
TUJ1 143 55 38.5
NG2 309 68 22.0were lacZ positive (Suppl. Fig. 1E). Thus, the Ntn1/NeoR selected cells
were able to proliferate and generate neurospheres on their own.
They also expressed the same common markers for stem/progenitor
cells (Fig. 3A) as the non-selected spheres (Suppl. Fig. 1B). The
number of spheres generated with the selection was lower so that the
Ntn1 expressing population formed approximately 20% of all spheres
(Fig. 3B) suggesting that Ntn1 expressing cells from adult lateral
ventricles formed a subset of the cells that were proliferating in vitro.
We also performed a clonal analysis but found no signiﬁcant
difference in the capacity to form secondary spheres between the
non-selected and the Ntn1/NeoR-selected cells from the same pool of
Ntn+/− mice (Fig. 3C). To test whether the Ntn1-expressing
Geneticin selected cells from adult mouse brain and spinal cord
were multipotent and able to produce postmitotic cell types Ntn+/−
neurospheres were grown either with or without Geneticin and
induced to differentiate by the removal of growth factors. As shown in
Suppl. Figs. 1F–K, both non-selected and selected cells were able to
produce all major CNS cell types.Fig. 3. Analysis of neurosphere cultures. (A) RT-PCR analysis of gene expressions with
RNAs isolated from Ntn1+/− Geneticin selected adult brain neurospheres. Analysed
genes are indicated above the image. bp, base pair size marker. (B) Histogram showing
the proportion of Geneticin selected spheres (with standard deviation) formed in
relation to non-selected spheres (set to 100%) isolated from adult Ntn1+/− brains.
(C) The proportions of secondary spheres formed with or without Geneticin selection is
shown as histograms with standard deviation. No difference between cell populations
was observed.
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Table 2
Analysis of cell numbers in the glomerular layer of the OBs of wild type and Ntn1−/−
mice at Pn16 and Pn1. The average numbers of total, TH+, calR+ and calB+ cells/
glomerulus are shown with±SEM. The observed decrease in the numbers in Ntn1−/−
OBs compared to wild types is indicated as %.
Cell type Nr. of cells/glomerulus
wild type
Nr. of cells/glomerulus
Ntn1−/−
Change in
Ntn1−/−
P-value
At Pn16
Total 59.8±1.1 50.9±2.5 −15% b0.05
TH+ 5.5±0.3 5.3±0.3 No 0.63
calR+ 16.7±1 12.3±0.4 −26% b0.05
calB+ 12.4±0.5 10.8±0.2 −14% b0.05
At Pn1
Total 41.2±0.6 35.8±1 −13% b0.01
TH+ 2.4±0.06 2.3±0.03 No 0.12
calR+ 9.8±0.1 7±0.4 −28% b0.01
calB+ 10±0.03 8.4±0.2 −16% b0.01
At Pn1 (C57Bl6)
Total 36.8±1.2 29±0.5 −21% b0.01
TH+ 1.8±0.06 1.8±0.03 No 0.61
calR+ 9.9±0.2 7.6±0.5 −23% b0.05
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Homozygous mutant Ntn1−/− mice die usually after birth
(Salminen et al., 2000). Therefore, we cultured cells from the lateral
ventricles of E18.5 Ntn1−/− embryos and wild type littermates and
compared their capacity to form neurospheres. Ntn1−/− cells formed
primary spheres as efﬁciently as the wild-type cells (Suppl. Fig. 2A).
Also the self-renewal capacity of the mutant cells had not changed
in comparison to wild type cells in a clonal analysis and both
populations could be passaged at least three times (data not shown).
In addition, both the wild-type and Ntn1−/− neurosphere cells could
be induced to differentiate into neurons, astrocytes and oligodendro-
cytes (Suppl. Figs. 2B–G). In addition, no signiﬁcant differences in the
proportions of TUJ+, GFAP+ or O4+ cells betweenwild type,Ntn1+/−
and Ntn1−/− cells were observed (Suppl. Fig. 2H).
Postnatal OBs from Ntn1−/− mice are small and have a reduced
number of granular interneurons
The postnatal functions of NTN1 have been difﬁcult to address
before because the Ntn1−/− newborn mice die usually shortly after
birth (Salminen et al., 2000). Here we have by rare occasions
succeeded in generating Ntn1−/− mouse progeny that survived
several days after birth even until Pn16. Although no clear difference
in body size between Ntn1−/− mice and control littermates was
detected at birth (n=8), the postnatal growth of the mutant animals
was strongly retarded (n=21) and they suffered from severe balance
and movement problems (data not shown) likely due to the inner ear
and axonal defects observed before (Salminen et al., 2000).
The rostro-caudal length of Ntn1−/− OBs at E18.5 and Pn1 was
13.3% and 22% reduced, respectively, when compared with Ntn1+/−
or wild-type littermates (n=4, Figs. 7A–D). No clear size differences
were observed in other parts of the brain at these stages (data not
shown).
At Pn16, the size of the Ntn1−/− brains (n=3) was clearly
diminishedwhen compared to control littermate brains (Fig. 4A). This
size difference could be due to the general postnatal growth defectFig. 4. Analysis of neuronal development in Ntn1−/− olfactory bulbs at Pn16. (A) Dorsal vie
the cortex. The arrowheads point to the olfactory bulbs. Hematoxylen-eosin stained horizon
indicate the length of the OBs. Magniﬁed views of the different neuronal layers in the wt (D,
granular cells were counted are indicated with white boxes in F and G. Immunohistochemic
sections from wild type (H,L,P) and Ntn1−/− (J,N,R) mice. Corresponding Hoechst staining
plexiform layer; gl, glomerulus; gll, glomerular layer; gr, granular layer; ipl, internal plexiforobserved in Ntn1−/− animals. However, the size of the Ntn1−/− OBs
had decreased proportionally more than the rest of the brain
especially in rostro-caudal direction (indicated with bars in
Figs. 4A–C). Despite the smaller OB size (23% reduction in length),
all the speciﬁc neuronal layers had formed suggesting that the
differentiation of the OB neurons occurred relatively normally
(Figs. 4B,C). Whilst no obvious change in the thickness of granular
layer, external plexiform layer, mitral cell layer and internal plexiform
layer could be observed, the glomerular layer was clearly reduced in
Ntn1−/− bulbs. In addition, the olfactory neuron layer surrounding
the bulb was thinner in Ntn1−/− mice compared with wild type
littermates (Figs. 4D,E).
In order to verify the numbers of cells in the granular layer we
calculated hematoxylene stained nuclei from sections of Pn16 mutant
and wild type OBs (n=2) as indicated in Figs. 4F,G. Although no
difference in the thickness of the granular layer was observed, there
were 14.9% less cells in Ntn1−/− OBs than in the control littermates
(wild type 189.4±35.1 cells/area; Ntn1−/− 161.1±19.5 cells/area;
Pb0.01).
Similarly to Pn16, the number of cells had decreased in Ntn1−/−
OBs at Pn6 by 11% (Table 3). We calculated also the proportion of
granular layer neurons at Pn6 with the help of anti-NeuN antibody
that stains the nuclei of most differentiated neurons (Mullen et al.,
1992). As shown in Table 3, Ntn1 deﬁciency leads to a 33% decrease in
the NeuN+ neuronal population in the postnatal granular layer.
Postnatal Ntn1−/− OBs have a reduced number of speciﬁc
periglomerular interneuron subtypes
To analyse in more detail the glomerular region, we ﬁrst compared
the cell numbers/glomerulus between controls and Ntn1−/− OBs at
Pn16. The average number of cells/glomerulus had decreased by 15%
in Ntn1−/− mice (Table 2). We also performed immunohistochem-
istry to analyse the numbers of three major GABAergic interneuron
subtypes in the glomeruli: the dopaminergic, tyrosine hydroxylase
(TH+) expressing, and calcium-binding protein calretinin (calR+) or
calbindin (calB+) expressing neurons (Kosaka et al., 1998; Lledo et al.,
2008). The most dramatic change in cell numbers in Ntn1−/−
glomeruli was observed with calR+ cells whilst calB+ cells had
decreased less (Figs. 4H–O, Table 2). In contrast, we did not detect any
change in the numbers of TH+ cells in the glomeruli (Figs. 4P–S,
Table 2).
To verify the phenotype also in newborn animals we calculated
glomerular cell numbers at Pn1 in both the mixed C57Bl6/ICR and in a
pure C57Bl6 background. The cell numbers/glomerulus were reduced
in Ntn1−/− OBs when compared to controls by 13% and 21%, the pure
background animals being the more severely affected (Table 2).
Reductions were also observed when calR+ and calB+ were
calculated, whereas no difference in TH+ cells could be detected
between the controls and Ntn1−/− OBs (Table 2, Suppl. Figs. 3A–D).
The constant reduction of total cells numbers and speciﬁc interneuron
subtypes observed in the glomeruli through the ﬁrst postnatal weeks
indicates that NTN1 is required for the efﬁcient migration of
precursors into the OB during this most intense period of migration.
The constant requirement of NTN1 during the postnatal precursor
migration period is illustrated by the observation that no difference in
the size of the control and Ntn1−/− glomeruli can be observed at Pn1
(Suppl. Figs. 3A–D), whilst at Pn16, a clear reduction in the size of the
Ntn1−/− glomeruli is detected (Figs. 4H–S).w of Pn16 wild type and Ntn1−/− brains. The bars indicate the rostro-caudal length of
tal parafﬁn sections through the OB of wild type (B) and Ntn1−/− (C) mice. The bars
F) and Ntn1−/− (E,G) olfactory bulbs. Examples of the areas (100 μm×500 μm) where
al staining with anti-calR (H,J), anti-calB (L,N) and anti-TH (P,R) antibodies on parafﬁn
s are shown in I,K,M,O,Q,S. Scale bars B,C 100 μm, D–G 50 μm, H–S 20 μm. epl, external
m layer; mi, mitral cell layer; nl, neuronal layer; ob, olfactory bulb; VZ, ventricular zone.
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In order to verify whether the glial populations were altered in the
reduced Ntn1−/− OBs, we performed immunohistochemistry with
the astroglial anti-GFAP and the oligodendroglial anti-2′,3′,-cyclic
nucleotide 3′-phosphodiesterase (CNP) antibodies. Glial progenitors
migrate mainly postnatally to the olfactory bulb and the ﬁrst GFAP
and CNP-labelled cells appear around Pn6–7 (Gomes et al., 2003). We
detected strong GFAP staining at Pn16 (n=3) especially in the VZ and
glomerular layer in the wild type olfactory bulbs (arrowheads in
Fig. 5A). The distribution and density of GFAP-positive astrocytes
were not signiﬁcantly altered in Ntn1−/− bulbs (arrowheads in
Fig. 5C). Corresponding Hoechst stainings are shown in Figs. 5B,D.
Strong CNP staining could be detected in the lateral olfactory tract
(LOT) area in wild type OBs (arrowheads in Fig. 5E), which contains
the mitral cell axons that extend to the olfactory cortex (López-
Mascaraque and de Castro, 2002). CNP-positive proﬁles could also be
detected in the granule cell layer (Figs. 5E,I), external and internal
plexiform layers as well as in the interglomerular region (Figs. 5G,K)
where the oligodendroglial glomerulus will form. In Ntn1−/− OBsFig. 5. Analysis of glial populations in Ntn1−/− OBs at Pn16. Immunohistochemical staining
(A,E,G) and Ntn1−/− (C,F,H) mice. Corresponding Hoechst stainings are shown in B,D,I–L. Sc
GFAP staining in the glomerular layer and VZ. The white arrowheads in E and F point to CNP s
K and H,L respectively. epl, external plexiform layer; gl, glomerulus; gll, glomerular layer; gstrongly CNP-positive proﬁles could be detected only along the LOT
(arrowheads in Fig. 5F) whilst in the other regions of the OB a
signiﬁcant reduction was observed (Figs. 4F,J,H,L). The internal and
external plexiform layers and the interglomerular regions were
practically devoid of CNP-staining and a clear decrease could be
detected in the granular layer (Figs. 5F,H).
To clarify in more detail the temporal development of OB
astrocytes and oligodendrocytes we stained sagittal sections through
brains from Pn6 and Pn1 mice with antibodies against GFAP and the
OPC markers NG2, PDGFRA as well as OLIG2 and calculated cell
numbers in the OB. No signiﬁcant change in the average numbers of
GFAP+ cells could be observed between Ntn1 mutant and control
bulbs (Figs. 6Q–T and Table 3). Instead, a clear reduction of NG2+,
OLIG2+ and PDGFRA+ cells was observed (Figs. 6A–P and Table 3).
The numbers of NG2+, OLIG2+ and PDGFRA+ cells had strongly
decreased in Ntn1−/−mutants already at Pn1 (Suppl. Figs. 3A–P and
Table 4). A similar result was also obtained with OLIG+ cells in C57Bl6
background (n=2) at Pn1 (data not shown). Thus, here too, there
appears to be a constant requirement of NTN1 during the late
embryogenic and early postnatal migration period.with anti-GFAP (A,C) and anti-CNP (E–H) on horizontal parafﬁn sections fromwild type
ale bars A–F,I,J 100 μm, G,H,K,L 50 μm. The white arrowheads in A and C point to strong
taining in the LOT area. The white rectangles in E,I and F,J outline the enlarged areas in G,
r, granular layer; ipl, internal plexiform layer; VZ, ventricular zone.
Fig. 6. Analysis of glial populations in Ntn1−/− brains at Pn6. Immunohistochemical staining with anti-PDGFRA (A,B,E,F), anti-OLIG2 (I,J), anti-NG2 (M,N) and anti-GFAP (Q,R) on
sagittal parafﬁn sections from Ntn+/− (A,E,I,M,Q) and Ntn1−/− (B,F,J,N,R) mice. Corresponding Hoechst stainings are shown to the right in C,D,G,H,K,L,O,P,S,T. The white boxes in
the images show the areas (325 μm×325 μm) used for calculation of cell numbers shown in Table 2. Scale bars in A–D 200 μm and in E–T 50 μm.
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The OB interneurons are derived from the lateral ventricle walls
fromwhere theymigrate tangentially along the RMS before spreading
radially to the different layers (Doetsch, 2003; Luskin, 1998; Taupin
and Gage, 2002). The anterior part of the SVZ and the RMS are also
thought to be a source of oligodendrocytes (Gomes et al., 2003; Gritti
et al., 2002; Vitry et al., 2001).In order to detect migratory defects, we ﬁrst compared the
distribution of Ntn1/lacZ-expressing cells in the RMS of Ntn1+/− and
Ntn1−/− mice at E18.5, Pn1 and Pn6 (n=3). In Ntn1+/− brains,
Ntn1/lacZ-expressing cells could be detected entering the proximal
region of the horizontal RMS at E18.5 (Fig. 7A) and at Pn1 the
stained region extended more distally from the VZ in the RMS
(Fig. 7C). At Pn6 the whole length of the RMS contained Ntn1/lacZ-
expressing cells (Fig. 7E). In Ntn1−/− brains the Ntn1/lacZ-cells did
Table 3
Analysis of cell numbers in OBs of wild type and Ntn1−/− mice at Pn6. The average
numbers of total granular cells, granular NeuN+, NG2+, OLIG2+, PDGFRA+ and GFAP+
cells/area (325 μm×325 μm, for NeuN+ 100 μm×100 μm) are shown with ±SEM and
the decrease in the numbers observed in Ntn1−/− compared to wild types is indicated
as %.
Cell type at Pn6 Nr. of cells/area
Ntn1+/−
Nr. of cells/area
Ntn1−/−
Change in
Ntn1−/−
P-value
Granular total 1230.9±35.8 1094.7±29.1 −11% b0.05
Granular NeuN+ 55.2±1.3 37±1.2 −33% b0.001
NG2+ 66.7±1.3 43.1±2.3 −35% b0.001
OLIG2+ 47.7±2.5 33.4±2.7 −30% b0.05
PDGFRA+ 58±2.4 43.4±1.4 −25% b0.01
GFAP+ 66.2±5.1 61±5.7 No 0.53
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analysed (Figs. 7B,D,F). In contrast, especially seen at Pn1, the Ntn1/
lacZ-cells in Ntn1−/− brains were spread in a more broad area in the
proximal part of the horizontal RMS close to the VZ (indicated with
arrowheads in Fig. 7D) compared to the cells in Ntn1+/− brains
(arrowheads in Fig. 7C). At Pn6 the β-gal-stained cells did not reach
the OB as in the controls (arrowheads in Figs. 7E,F). Thus, without
sufﬁcient amounts of NTN1, the Ntn1/lacZ-expressing cells accumu-
lated in the proximal RMS and their migration further towards the OB
appeared inefﬁcient.
To test the migratory behaviour of the CNS precursors in the
anterior forebrain we cultured VZ/SVZ-RMS/OB explants from wild
type, Ntn1+/− and Ntn1−/− E18.5 embryos and stained them with
X-gal to visualiseNtn1/lacZ-expressing cells. Three parts from the area
were cut out for explants as indicated in Figs. 7A,B with dashed white
lines and pieces a, b and c were cultured. C-explants from all
genotypes showed considerable out-migration as networks or chains
(Figs. 7G–L and data not shown) whilst a- and b-explants did not
show signiﬁcant outgrowth (data not shown). No difference between
the out-migration from wild type and Ntn1+/− explants could be
observed (data not shown).
When the average lengths of 8 outgrown chains/explant from 6
explants/genotype were measured in Ntn1+/− and Ntn1−/−
samples, no statistically signiﬁcant difference in their length was
observed (student's t-test P=0.2; Figs. 7G–I). Instead, a signiﬁcant
24% reduction in the migration distance of the Ntn1/lacZ-expressing
cells from the explants was observed between Ntn1+/− and
Ntn1−/− cultures (Pb0.05*; Figs. 7J–L). These observations suggest
that NTN1 is required for the migration of CNS precursors out of the
explants.
To analyse in more detail the brain region where the Ntn1/lacZ
expressing cells accumulated inNtn1−/−mice, we also calculated the
cell numbers in three areas in the proximal RMS region at Pn1
(indicated as white boxes a, b and c in Figs. 8A,B). In the ventral part of
the proximal RMS area (in box c) of the Ntn1−/− samples, more cells
were present than in the control samples. Instead, the cell numbers
were signiﬁcantly reduced in more distal and dorsal areas of the RMSTable 4
Analysis of oligodendroglial cell numbers in OBs of wild type and Ntn1−/−mice at Pn1.
The average numbers of total, NG2+, OLIG2+ and PDGFRA+ cells/area
(200 μm×200 μm) are shown with±SEM and the decrease in the numbers observed
in Ntn1−/− compared to wild types is indicated as %.
Cell type
at Pn1
Nr. of cells/area
Ntn1+/−
Nr. of cells/area
Ntn1−/−
Change in
Ntn1−/−
P-value
Total 674.6±7.3 607.1±1.2 −10% b0.001
NG2+ 35.6±1.9 24±1.2 −33% b0.01
OLIG2+ 18.6±0.3 12.2±1.1 −34% b0.01
PDGFRA+ 27.3±0.7 19.1±1.4 −30% b0.01(boxes a and b, respectively) of the Ntn1−/− animals compared to
the controls (Fig. 8C) further demonstrating that a reduced number of
precursor cells succeeded in migrating distally into the horizontal
RMS in Ntn1−/− mice.
In order to verify whether the Ntn1−/− cells that remain
ectopically in the proximal area of the horizontal RMS undergo
excess of programmed cell death we performed TUNEL analyses on
sections prepared from the anterior forebrain region at Pn1. We
also calculated the proportion of TUNEL positive cells from all cells
(nuclei) in the proximal RMS area. No statistically signiﬁcant
difference could be observed in the average numbers of TUNEL
positive cells (8.3±2.0 cells/area in Ntn1+/− and 8.4±1.4 cells/area
inNtn1−/−) or in the proportions of TUNEL positive cells (0.45±0.1%
in Ntn1+/− and 0.45±0.01% in Ntn1−/−) between the samples
(P=0.9; Suppl. Figs. 5A–D). This suggests that the cells that
accumulate in the proximal RMS do not immediately die through
apoptosis.
Discussion
Ntn1-expressing cells from embryonic VZ and adult ependyma form
multipotent neurospheres
The regulated production of neural and glial precursor cells in the
germinal regions is essential for CNS development. In embryonic and
neonatal mice, the main germinal zone, the VZ, contains proliferating
neural stem cells. During the ﬁrst weeks of life these cells disappear
gradually and give rise to the adult ventricular wall cell types
including the non-proliferative ependymal cells and the GFAP+
astrocyte-type cells that touch the ventricle and are thought to be
the postnatal neural stem cells (Spassky et al., 2005; Tramontin et al.,
2003). A second germinal zone, the SVZ, develops later during
embryonic stages beneath the lateral ventricle VZ and participates in
the expansion of the forebrain (Conover and Allen, 2002). During
embryonic forebrain development Ntn1 is strongly expressed in the
ventral parts of the VZ whereas very little, if any expression can be
detected in the adjacent proliferative area, the SVZ (this work and
Hamasaki et al., 2001; Kawasaki et al., 2006; Seraﬁni et al., 1996). In
the neurogenic niches of adult brain and spinal cord, Ntn1 expression
is conserved exclusively in the ependymal cells.
Ntn1 expression could be detected also in both embryonic and
adult neurosphere cultures. By selecting proliferating neurospheres
according to Ntn1 expression we showed that this subset of cells was
multipotent and self-renewing on its own. However, we show that
NTN1 protein function is not critical for the formation of neurospheres
or for the self-renewal and differentiation of neural stem/progenitor
cells in culture.
NTN1 is required for the efﬁcient migration of OB progenitors/precursors
into the RMS
The migration of neural and glial precursors to their correct
locations for the ﬁnal differentiation and innervations has to be
strictly controlled in a temporal and spatial manner and migratory
defects may be involved in diseases such as mental retardation,
epilepsy, multiple sclerosis or glial cancers (de Castro and Bribian,
2005; Marin and Rubenstein, 2003). Interestingly, long-range attrac-
tive signals from OB seem not to be required for the directed
migration of precursors since at least in adult rodents, neural
precursors are able to enter the RMS and move forward also in the
complete absence of OB (Jankovski et al., 1998; Kirschenbaum et al.,
1999). Instead, a combination of SLIT-mediated repulsion together
with motility increasing factors such as astrocyte-derived migration-
inducing activity (MIA), PSA-NCAM and Eph/ephrin are thought to be
the main forces behind precursor migration (Ghashghaei et al., 2007;
Marin and Rubenstein, 2003). However, rather mild or no defects
Fig. 7. Cell migration inNtn1+/− andNtn1−/− brains. X-gal stained 200 μm thick sagittal sections ofNtn1+/− (A,C,E) andNtn1−/− (B,D,F) brains at E18.5 (A,B), Pn1 (C,D) and Pn6
(E,F). The vertical white dashed lines in A and B indicate the positions along which the anterior brain area was cut in pieces to generate explants a, b and c. The arrowheads in C and D
point to the proximal region of the horizontal RMSwhere the β-gal positive cells accumulate inNtn1−/− brain. Arrowheads in E and F point to the area where the RMS enters the OB.
Examples of explants after 48 h of culture from Ntn1+/− (G,J) and Ntn1−/− (H,K) brains, stained with X-gal (J,K). The histogram in I shows the average lengths with ±SEM of
chains/explant that grew out from c explants cultured from Ntn1+/− and Ntn1−/− brains. The histogram in L shows the average distance with ±SEM that the β-gal positive cells
migrated from the c explants. A signiﬁcant difference in the distances migrated by the lacZ+ cells was observed between Ntn1+/− and Ntn1−/− explants. Scale bars A–F 100 μm in
G,H,J,K 25 μm.
111J. Hakanen et al. / Developmental Biology 355 (2011) 101–114have been detected in RMS or OB in in vivo analyses that were
conducted with mouse embryos deﬁcient in different molecules
thought to be involved in migration such as integrins, PSA-NCAM,
SLIT1/2 or Eph/ephrins (Ghashghaei et al., 2007; Marin and
Rubenstein, 2003) suggesting that multiple overlapping players are
involved in the migration process.
NTN1 has been proposed to act mainly as a long-range directional
cue for many different types of neuronal precursors in the developingbrain (Alcántara et al., 2000; Bloch-Gallego et al., 1999; Guijarro et al.,
2006; Hamasaki et al., 2001; Murase and Horwitz, 2002; Yee et al.,
1999). However, defects in Ntn1−/− embryos have been observed in
relatively few cases, namely regarding the pontine and the inferior
olivary nuclei and the cortex (Alcántara et al., 2000; Bloch-Gallego
et al., 1999; Hamasaki et al., 2001; Seraﬁni et al., 1996; Stanco et al.,
2009; Yee et al., 1999). In addition, NTN1 does not have any
directional guidance effects on the migration of OB precursors from
Fig. 8. Calculation of cell numbers in the proximal RMS at Pn1. Cell numbers were
calculated in Hoechst stained parafﬁn sections from Ntn1+/− (A) and Ntn1−/−
(B) mice. Three regions (150 μm×150 μm) were used for analysis indicated with boxes
and marked with a, b and c. (C) The average number of cells/section in areas a, b and c
are shown in histograms with ±SEM. Scale bars 50 μm.
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2001).
We propose here a novel role for NTN1 in the developing forebrain
in the initiation of tangential migration of Ntn1-expressing OB
precursors for neurons and oligodendrocytes into the RMS. Ntn1 is
expressed in the VZ and its rostral extension and without NTN1 these
cells accumulate in the rostral extension/proximal RMS region
resulting in fewer cells in the more distal RMS at early postnatal
stages when compared to controls. Thus, the progress of Ntn1/lacZ
cells further into the RMS is inefﬁcient in Ntn1−/−mice. Similarly, in
Ntn1−/− explant cultures a speciﬁc migration defect of the Ntn1/lacZ
expressing cells was observed when compared to Ntn1+/− explants
whereas the overall migration activity had not changed in these
explants.
The inefﬁcient entrance of the Ntn1/lacZ expressing cells into the
RMS may be due to deﬁcient detachment/release of these cells from
the VZ/rostral extension area. A similar problem has been described
before in the embryonic Ntn1−/− spinal cord where the detachment
and/or dispersal of the OPCs from the Ntn1 expressing ventral VZ
was inefﬁcient (Jarjour et al., 2003; Tsai et al., 2006). Moreover,
NTN1 has a local release function also in inner ear epithelium
where the normally Ntn1-expressing cells cannot detach from the
underlying basement membrane in Ntn1−/− embryos (Matilainen
et al., 2007; Salminen et al., 2000). Similar “short-range” functions
for NTN1 have been reported in various tissues where NTN1 mediates
cell adhesion/migration and organ morphogenesis (Baker et al.,
2006). Thus, in addition to its traditional role as a diffusible long-
range guidance molecule, NTN1 may function in CNS also in a
very local cell-autonomous or autocrine manner, inﬂuencing the
movement/detachment/release of speciﬁc cells that produce it.
Interestingly, an autocrine function of NTN1 has been proposed to
promote also oligodendrocyte maturation (Rajasekharan et al., 2009).
Furthermore, a cell-autonomous function has been suggested for
SLIT1 in migrating neuroblasts in addition to its long-range chemor-
epulsive function (Nguyen-Ba-Charvet et al., 2004) suggesting that
many secreted guidance molecules may adopt various functions
during development.Reduction of granular cells and calR+ and calB+ glomerular
interneurons in Ntn1−/− OB
The OB interneuron precursors are born in the walls of the
forebrain lateral ventricles fromwhere they migrate through the RMS
to generate granular and periglomerular cells (Doetsch, 2003; Hinds,
1968; Luskin, 1993; Taupin and Gage, 2002). Interestingly, there are
particular subregions in the lateral ventricle wall which contribute to
speciﬁc interneuron subtypes (De Marchis et al., 2007; Kohwi et al.,
2007; Merkle et al., 2007; Stenman et al., 2003; Toresson and
Campbell, 2001; Ventura and Goldman, 2007; Waclaw et al., 2006).
The dorsolateral wall (dLGE) produces mainly superﬁcial granule cells
as well as TH+ periglomerular type I neurons (Kohwi et al., 2005;
Kohwi et al., 2007; Lledo et al., 2008; Long et al., 2003; Yun et al.,
2003) whilst the ventrolateral wall (vLGE and MGE) gives rise to
mainly deep granule cells and calB+ periglomerular neurons
(Toresson and Campbell, 2001; Yun et al., 2003). The calR+
periglomerular neurons are not produced by the lateral wall, but
instead originate from dorsal and ventral subregions, including the
pallium (cortical) wall, themedial wall (septum) and the RMS (Kohwi
et al., 2007; Lledo et al., 2008).
According to the strong expression of Ntn1 in the ventral
subregions of the lateral ventricle walls as well as in the ventral
septum wall and in the proximal RMS, we observed a signiﬁcant
decrease in the numbers of deep granule cells as well as in calR+ and
calB+ glomerular cells in the Ntn1−/− OB. In contrast, the number of
the exclusively dorsally derived TH+ cells had not changed. These
observations suggest that Ntn1-expressing cells in the ventral VZ/
proximal RMS produce speciﬁc types of neural precursors into the OB
and that in the absence of NTN1 these cells are not able to populate
the OB efﬁciently.
Reduction of a subpopulation of oligodendrocytes in Ntn1−/− OBs
The OPCs are heterogeneous and have multiple origins in
mammalian forebrain. Most OPCs originate in the MGE and some
also in the LGE and anterior entopeduncular area (Jarjour and
Kennedy, 2004; Kessaris et al., 2006; Spassky et al., 2001). Very little
is known of how the OPCs populate the OB during development and
whichmechanisms control this process. The OB oligodendrocytesmay
represent two distinct lineages with different origins: the early Plp1-
expressing lineage and the later, Pdgfra- and Olig1/2-expressing
lineage which is thought to originate in the MGE (Spassky et al.,
2001). In addition, the RMS may also contain additional “intrinsic”
glial progenitors during embryogenesis (Gritti et al., 2002; Reid et al.,
1999; Spassky et al., 2001).
Ntn1 is strongly expressed in the VZ of MGE and vLGE but its
expression is rapidly downregulated in cells that leave the VZ
including the OPCs, but is induced again later in mature oligoden-
drocytes in adult CNS (Manitt et al., 2001; Rajasekharan et al., 2009).
We did not detect Ntn1mRNA or Ntn1/lacZ expression in the OB VZ at
E14.5 (data not shown) and therefore, Ntn1 is not likely to contribute
to the Plp1 expressing early lineage. Instead, Ntn1 expression can be
detected in the rostral extension of the ventricular VZ at E18.5 and at
Pn6 Ntn1 expression is detected in NG2+ cells migrating in the RMS
and thus, Ntn1 could contribute to the later oligodendrocytic lineage.
At Pn16, a large portion of the OB oligodendrocytes weremissing from
the Ntn1−/− outer and granular layers. Instead, no clear change was
observed in the population myelinating the LOT. These observations
may indicate that the early OPCs could be the main lineage
contributing to LOT myelination whereas the Ntn1-expressing later-
appearing lineage would mainly contribute to myelinate the granular
and the outer layers of the OB.
In contrast to the oligodendroglial lineage, no signiﬁcant decrease
in the numbers of GFAP+ astrocytes was detected in Ntn1−/− OBs.
A similar observation has been made earlier concerning the spinal
113J. Hakanen et al. / Developmental Biology 355 (2011) 101–114cord (Tsai et al., 2006). Thus, although Ntn1/lacZ is expressed in some
GFAP+ cells in the RMS it may be that most OB astrocytes are derived
from progenitors that do not express Ntn1, residing for example in the
OB itself (Fukushima et al., 2002) or in the posterior SVZ (Law et al.,
1999).
Supplementarymaterials related to this article can be found online
at doi:10.1016/j.ydbio.2011.04.016.
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